This work reports the development and testing of a magnetic polymer (Polyamide 6, PA6) nanocomposite capable of melting when exposed to an external magnetic field. Addition of high concentrations of iron oxide nanoparticles (NPs) can induce quick melting but is detrimental to the mechanical properties of the polymer. To reduce the amount of NPs required for achieving efficient melting, they should be well dispersed in the polymer. In this study, the oleic acid loading on the surfaces of the NPs was varied to study the effect of variations in coatings on the dispersion in the polymer and on the polymer melting time. The NPs functionalized with oleic acid were added to melted monomer e-caprolactam and polymerized using ring-opening polymerization. The resulting PA6 nanocomposite was characterized by Fourier-transform infrared spectroscopy, differential scanning calorimetry, x-ray diffraction and transmission electron microscopy. The results confirmed that the PA6 nanocomposite showed a decrease of 8-10% in its glass-transition temperature compared to commercial PA6. The crystallinity of the synthesized samples were found to vary between 42% and 57%. The 55 wt.% oleic acid-loaded NPs were found to disperse most efficiently in the PA6 matrix; however, some large agglomerates were formed due to excessive oleic acid. Therefore, the 22 wt.% oleic acid coating showed overall superior dispersion. Additionally, the magnetic induction response was tested by observing a melt-characteristic of the magnetic polymer composite using a model set-up. Oleic acid concentration is found to affect the dispersion, melting time and crystallinity of the nanocomposite.
INTRODUCTION
Polymer nanocomposites (PNCs) that can respond to external stimuli, namely electric, optical or magnetic, are proving promising for various applications, such as drug delivery, information storage, electromagnetic interference shielding, magnetic resonance imaging, environmental remediation, microscale manufacturing and self-healing. [1] [2] [3] [4] [5] Nanoparticles (NPs) naturally exhibit a strong tendency to agglomerate, as this minimizes the energy interactions linked with their high surface area to volume ratio. Moreover, increasing NP loading reduces the inter-particle distances, allowing the formation of the agglomerates due to short range van der Waals or hydrogen bonds, as observed in particle aggregation at the air-liquid interface in bubbles. 3, 4 The presence of NP agglomerates in the polymer matrix causes an uneven material heating in response to the applied stimulus, as the region with agglomerated particles will quickly absorb much of the stimulus energy and will melt the surrounding polymer excessively or undergo pyrolysis. 5 Therefore, mechanical and chemical dispersion techniques can be employed to achieve uniform heating of the polymer in nanocomposites.
To improve the NP dispersion efficacy, it is critical to adjust the level of interaction and bonding strength between the NPs and the surrounding polymer matrix. 6 Various mechanical techniques JOM https://doi.org/10.1007/s11837-019-03622-5
Ó 2019 The Author (s) such as melt compounding, 7, 8 high shear mixing, 9 three roll mills, 10 and solution blending 11 are used to obtain uniform dispersion and to limit the formation of agglomerates. However, these methods do not promote a strong enough interaction between phases such that the agglomerates break down to a desired nanoscale. For example, the solution blending method still faces a major shortcoming due to the need to find an appropriate polymer-solvent pair for each filler-polymer system. 12 Functionalization of NPs involving ionic charge, polymer coating (brushes), small molecules, and core-shell arrangement are efficient ways to promote their dispersion in the hydrophobic polymer matrix, when employed with electrostatic or steric mechanisms.
These techniques enhance the polymer-nanocomposite interactions at the nanoscale to confine agglomerate formation and hence many studies have analyzed the effect of NP functionalization on its adhesion with the base polymer matrix. [13] [14] [15] [16] The in situ polymerization method of dispersion has been successful for polyamide-and epoxy-based composites 17, 18 as it enhances covalent bonding between the base polymer matrix and the NP surfaces. 19 However, a high viscosity and nonNewtonian rheology of the melted polymer in the melt-blending method still poses a challenge in dispersing NPs homogenously. In in situ polymerization, 20 the inorganic precursors are added in a low-viscosity melt-monomer to achieve optimum dispersion. Additionally, an in situ polymerization method has further opportunities for attaining rapid and controlled cross-linking density, and therefore it provides new properties to the PNC. The methods such as an interfacial polymerization, free radical polymerization, anionic ring-opening polymerization, frontal polymerization, micellar copolymerization, and network polymerization have already been studied for in situ polymerization. 21 Considerable variations in the size to surface area ratios of NPs and their agglomerates affect the magnetic response nonlinearly, hence the functionalization of such NPs can help tune the anomalous behavior of the derived nanocomposites. 22 The favoured NP morphology and crystalline phases obtained after functionalization can significantly affect the magnetic properties and crystallinity of the synthesized nanocomposites. 23 The use of oleic acid as a capping agent results in hydrophobic coating, as polar end groups attach to the NP surface and form a strongly bonded protective monolayer, which enhances the uniform dispersion of the NPs. 24 In order to study the effect of oleic acid (OA) loading in the coating of iron oxide NPs on nanocomposite properties, a magnetic nanocomposite was prepared by keeping the 1 wt.% iron oxide NP concentration constant but varying the OA loading on the surface of the NPs. To prepare the nanocomposite, the 1 wt.% NPs were blended in a low-viscosity melted monomer, e-caprolactam (CL). Rapid polymerization was then achieved by a bulk anionic ring-opening polymerization. 25 The use of a strong Grignard reagent ensured the rapid confinement of the NPs and the promotion of a uniform dispersion state. 26 A total of three different bulk samples of the nanocomposite were prepared with 1 wt.% iron oxide NPs, but the OA loading was kept at 22 wt.%, 55 wt.%, and 0 wt.% (Table I ). The prepared materials have promising applications in diverse scientific fields. 27 
MATERIALS AND METHODS

Materials
The following materials were used as received from Sigma-Aldrich, Dorset, UK: iron (III) oxide NPs (< 50 nm size BET), oleic acid (OA) (99% purity), N-acetylcaprolactam (NACL) (99% purity), 3.0 M ethyl magnesium bromide (EtMgBr) solution in diethyl ether, and e-caprolactam (CL) (99% purity).
Experimental Methods
Functionalization of Iron Oxide NPs
The nanoparticle suspensions were prepared by dispersing 0.225 g of iron oxide NPs in 10 mL of methanol. Subsequently, OA was added into two suspension batches of 10 mL to make up 22 wt.% and 55 wt.% solutions. The mixture was rigorously stirred for 10 min at full power using a probe-type 150-W sonicator (Soniprep 150; MSE., UK). The NPs were thoroughly washed three times using methanol and decanted following centrifugation at 4000 rpm for 5 min. The NPs were then calcined at 80°C overnight in a furnace.
In Situ Synthesis of Iron Oxide Polymer
The first step in the polymerization process was to melt 30 g of CL at 60°C. Iron oxide NPs were introduced into the melted monomer to prepare a 1 wt.% iron oxide nanocomposite. The mixture of NPs and monomer was sonicated at 20 kHz for 30 min to ensure effective dispersion of the NPs. The temperature of the mixture was then raised to 150°C and 0.86 mL of EtMgBr (at a concentration of 2.5 mol.% mol À1 CL) was introduced under an inert gas atmosphere. To complete the polymerization, 0.94 mL (2.5 mol.%) of NACL was added at 160°C. The mixture instantly polymerized and captured the dispersed positions of the NPs. Before characterization, the nanocomposite was thoroughly washed with deionized water (18 MX cm) at 100°C to remove any unreacted monomer, activator and initiator. The samples prepared for characterization are shown in Table I .
Characterization Methodology
The nanocomposite samples were characterized using a Perkin-Elmer ATR-FTIR (Attenuated Total Reflection-Fourier-Transform Infrared Spectroscope) using a DGS-KBr sensor to identify functional groups and structural changes after the addition of the iron oxide NPs. Nanocomposite films averaging 0.1 mm thickness were prepared and a total of 30 scans in the range of 525-4000 cm À1 wavenumber were carried out at a resolution of 4 cm
À1
. DSC was performed on a TA Instruments DSC Q100 at a heating rate of 10°C/min under a nitrogen purge within the temperature range of 20-250°C. The glass transition temperature (T g ) and melting temperature (T m ) were determined.
A PANalytical X'Pert Pro multipurpose diffractometer fitted with an X'Celerator detector and using monochromated Cu-Ka radiation (k = 1.54 Å ) was used to detect the crystalline phases present in the samples. X-ray diffraction (XRD) datasets were collected over a range of 10°-65°2h with a step size of 0. To prepare samples for TEM study, an ultrathin section of the nanocomposite obtained using a microtome was placed on a 400-mesh-size gilder grid. A Philips CM100 TEM with an accelerating voltage of 100 kV and a spot size of 10 nm was used to capture the images. The exposure time was varied from 0 to 50 s, whereas the direct magnifications used ranged from 9 7900 to 9 245,000.
Small-angle x-ray scattering (SAXS) patterns were obtained using the polymer or nanocomposite films of 250-500 lm thickness, on a Bruker AXS Nanostar equipped with a 2D Hi-STAR multi-wire gas detector and modified with a Xenocs GeniX 3D x-ray source (CuKa radiation with x-ray wavelength k = 1.54 Å ) and motorized collimating scatterless slits. The patterns were obtained over a scattering vector length within the range of 0.008 Å À1 < q < 0.18 Å À1 , where q ¼ 4p k sin h and h is a half of the scattering angle. One-dimensional scattering curves were obtained by an azimuthal binning and averaging of corresponding two-dimensional scattering patterns using software packages supplied with the SAXS instrument.
RESULTS AND DISCUSSION
In order to determine the effect of OA loading in the coating of the NPs on the PA6 properties during in situ polymerization, a PNC with 1 wt.% iron oxide was prepared.
Transmission Electron Microscopy
The organic OA layer on the NPs was initially characterized by comparing TEM images of bare and coated NPs with different weight percentages of OA. A droplet of low-concentration aqueous NP suspension was placed on the TEM grid and dried before imaging. Care was taken to disperse the NPs well in the water using a sonicator. In addition, the degree of dispersion and/or agglomeration in the synthesized nanocomposite samples were studied using TEM images.
In order to measure the average diameter of NPs using TEM images (Fig. 1a, b and c, image analysis was performed (Supplementary material). The results show that the bare iron oxide NPs are highly agglomerated with sizes in the range of 35-50 nm, while OA-coated NP diameters were found to be in range of 25-40 nm for 22 wt.% and 30-60 nm for 55 wt.% OA loading. The hydrophobic nature of the organic OA layer on the NP surfaces restricted the interaction between the NPs and, hence, the mean diameter of the agglomerates in the polymer. 28 The adsorption of OA on the NP surface is less transparent to the electron beam and, therefore, the coating on the NPs was observed as a thick opaque layer, as seen in Fig. 1a, b and c.
The TEM images of 50-lm-thick microtome samples of the PNC were analyzed to investigate the extent of dispersion. As seen in Fig. 2a, b and c, the dispersion was found to improve with increasing OA loading as the density of adsorbed hydrophobic molecules on the surface of the NPs increases. With 1-lm and 60-nm agglomerates were found in the PNC containing uncoated NPs and 55 wt.% OAcoated NPs, respectively, albeit overloading of the OA coating led to the formation of many oversized agglomerates with overall smaller mean diameters. Hence, as observed from the TEM images, the NP agglomerates in the 55 wt.% OA samples are larger in comparison to those observed in the 22 wt.% OA samples. This is comparable with the size calculated from the XRD peaks and the SAXS results.
Fourier-Transform Infrared Spectroscopy
The FTIR peaks observed have been found to match with all the standard template chemical group peaks of the commercial PA6, which confirmed its successful synthesis. As seen in Fig. 3 32 improving the dispersion (which has been studied from the TEM, XRD and SAXS results). Also, the inset image shows that a slight OA peak developed, matching with the standard peak at 1710. 32 The shift in the peaks from 1536 cm À1 to 1540 cm À1 can be attributed to a decrease in the degree of crystallinity. 33 Additionally, this band at 1536-1635 cm À1 also corresponds to the primary amide band of amide II-type. The peaks around 1536 cm À1 and 1540 cm À1 correspond to the mentioned amide II of the primary type, resulting in vibration due to the bending of CO-NH (939-948 cm À1 ) and the N-H bond. 34 The intensity and position of these crystalline bands determines the degree of crystallinity, whereas the broader peaks of these bands suggest the formation of an amorphous phase. 35 Therefore, it can be inferred that the polymer with 22 wt.% OA has a moderately higher degree of crystallinity, as the amide II band was sensitive to the crystalline structure.
Hence, the increasing concentration of OA employed lowers the crystallinity. Furthermore, the polymer chain mobility is limited and the crystallization process slackened 36 by the carboxylic end group at the end of the fatty acid chain in the OA coating interacting with NH 2 of the polyamide chain. The wavelength fingerprint for OA at around 1629 cm À1 corresponding to the asymmetric and symmetric bands (COO-) of the oleic acid grafted at the surface of the iron oxide NPs were suppressed by PA6 and observed as flat peaks, as seen in Fig. 4 . 37, 38 The peak near 686 cm À1 corresponds to both the Fe-O bond stretching of iron oxide and the amide V (a and b) of the pristine PA6. 39 However, interaction between the peaks results in the suppression of the peak near 686 cm À1 for the 22 wt.% and 55 wt.% PNCs. The increased interaction between the NPs and the polymer matrix due to the increase in OA loading is further confirmed with DSC results.
All the nanocomposites contained 1 wt.% iron oxide NPs, and the Fe-O peaks are not clearly discernible in the FTIR plots. To clearly establish the effect of NP inclusions on PA6, the FTIR spectrum of PNC containing a high weight percentage, i.e., 20 wt.% of NPs, was obtained and compared with the pristine PA6 and the PNC containing uncoated iron oxide NPs (''No coating'' legend in Figs. 3 and 4 , and Figure S1 ) spectra (which had only 1 wt.% of NP inclusion). The spectra of 20 wt.% PNC, as seen in Figure S1 , shows a distinctive broadening of the peaks around the absorption bands of 295-541 cm À1 , a characteristic of Fe-O stretching, 40 and also the peak at 587 cm À1 confirms the inclusion of Fe 3 O 4, 41 especially from the 20 wt.% sample. The distinguishing peak at 534 cm À1 , a characterizing peak confirming the presence of iron oxide, is only observed in the 20 wt.% sample, whereas the 570 cm À1 is attributed to amide-V stretching. 41 This implies that the Fe 3 O 4 peak is not discernible due to the low wt.% of iron oxide NPs samples, as seen in Figs. 3 and 4 . To confirm, energy dispersive X-ray spectroscopy (EDX) results were obtained (Supplementary Material Figure S2 a-d) .
Differential Scanning Calorimetry and Degree of Crystallinity
Noticeable melting with endothermic peaks clearly depicts the glass transition (T g ) and the melting temperatures (T m ) of the polymer samples, as shown in Fig. 5 . The T g occurrence of the pristine polymer is observed at around 46°C, matching the previously reported values. However, the observed T m values are slightly lower than previously reported values, at around 220°C. 42, 43 Additionally, as seen in Table II , the T m of the nanocomposite was found to increase with increased OA loading. However, the uncoated NP sample showed subsequent reductions in the T m and T g of the sample due to the uncoated inclusions leading to amorphous growth and hence reduced crystallinity, as summarized in Table II .
Increased wetting of the surface-modified NPs by polymers is known to either increase or decrease the crystallinity and, hence, the T g and T m of the PNC. To confirm whether or not this is the case for the samples studied here, the percentage degree of crystallinity was calculated by dividing the total heat of fusion for each sample by the heat of fusion for 100% crystalline PA6, which is 190 J/g. 44 The values for the degree of crystallinity, calculated from the areas under the curve for all the samples, and the glass transition (T g ) and melting temperature (T m ), are as listed in Table II .
The increase in T g due to reductions in cooperative segmental mobility in the polymer is because the OA's denser fatty acid chains on the surface of the NPs induced greater bonding with the polymer matrix, as observed with the DSC trend. [45] [46] [47] The strong attraction at the interface of the NPs and the polymer tends to decrease the crystallinity and T m , as observed in the DSC results (Table II) .
X-ray Diffraction
The XRD results confirmed the polymer as the semi-crystalline phase. 48 Diffraction peaks observed at 30.2°2h (220), 35.6°2h (311), 43.3°2h (400), 57.25°2h (511) and 62.9°2h (440) (Fig. 6) were found to compare well with the JCPDS card number 01-089-5892 for the magnetic mineral c-iron oxide (cubic maghemite), therefore confirming the spinel structure of the NP iron oxides. The crystal planes within the maghemite represented by the most intense diffraction peaks, described by the Miller indices above, were used in Eq. 1 to calculate the crystallite sizes of the NPs; Eq. 1 relates the diffraction peak width (B) to the crystallite size (L).
As seen in Fig. 6 , with 22 wt.% OA loading, the prominent diffraction peaks showed a low intensity and maximum broadening, which suggests a decrease in NP agglomeration size. Similar to the TEM results, the standard deviation of the crystallite size for 55 wt.% OA loading is high, confirming the formation of few large agglomerates. However, the mean size of the particles was found to be lower than 32.41 nm, again with the large standard deviation (Table III) .
Ideally, PA6 contains two monoclinic crystalline phases: the a-phase and the c-phase. With the entirety of the a-phase attaining a trans-chain conformity, a hydrogen bond appears between adjacent antiparallel chains in this phase; the thermodynamically most stable phase. 48 Conversely, the chains appear twisted in the c-phase, enabling the formation of hydrogen bonds between parallel chains. 48 In the PA6 samples prepared during this study, two broad-based diffraction peaks were observed around 21°2h (4.2 Å ) and 24°2h (3.7 Å ) which almost certainly correspond to the a-phase of PA6. Figure 8 shows that the a-phase dominates the crystalline structure of the PA6. The peak at 21°2h (4.2 Å ) is referred to as a 1 and originated from the (200) plane, whereas the peak at 24°2h (3.7 Å ) originated from the (002) plane. 49 The minor peaks observed at 17°2h, 22°2h and 28°2h can be identified as the c-phase of of the PA6 with the corresponding Miller indices of (020), (001) and (200)/(201). There are various factors contributing to the observed diffraction patterns (Fig. 6) . The two prominent peaks related to the a crystalline phase of PA6 were observed to decrease with increased OA loading up to 22 wt.%, suggesting an increase in the crystalline to amorphous ratio, meaning the degree of crystallinity. The XRD plots presented here suggest that the maghemite iron oxide NPs tend to be more crystalline and ordered than the polymer PA6, which is reported as being semi-crystalline 48 and therefore less well ordered.
Both the TEM and XRD results suggest that the 22 wt.% OA proportion of NP coating, the crystallite size, and therefore the NP agglomerate size, are the lowest. In summary, small crystal formation results due to improved dispersion of NPs. 50, 51 Small Angle X-ray Scattering
The filler dispersivity in a PNC has been studied using scattering techniques. Statistical mechanical theories relate to the dispersion state of the nanoinclusions as well as the stress carried by the polymer chains. 52 The model-free approach of average particle size determination using the SAXS data is based on the implementation of the Guinier and Porod law. 53, 54 Figure S3 represents the scattering intensity I(q), plotted as a function of the scattering vector q. The SAXS profile shows two regions: the flat response from PA6 and the high gradient response from the nanoparticles in the samples. The cumulatively slope-dropping region is a characteristic of a Porod scattering response from the NPs. 55 The Guinier region precedes the Porod region, which reflects the radius of gyration of the NPs according to the Guinier's law:
where G is the Guinier prefactor and R g is the radius of gyration. The slope of the regions in the Guinier plot represented in Fig. 7 are used to determine R g . Using Eq. 3, the mean diameter D is calculated:
The results in Table IV are in proximity of those obtained with TEM and XRD above. This confirms that the 22 wt.% OA sample has the lowest NP size and also has the fewest agglomerates. The maximum standard deviation was found to be ± 8.9 nm for the uncoated particles.
Melt Characteristics
A magnetic field response test of the synthesized nanocomposite was carried out to determine its melt characteristics. The magnetic coil (30 V) set-up used ( Figure S4 ) was designed 58 and used for testing. Preliminary melting times upon exposure to the magnetic field were recorded, as shown in Table V. A total of five sets of results for each nanocomposite film (200 lm thick), with 22% and 55 wt.% OA loading, were recorded. A representative surfaces of nanocomposite samples with defects are shown in Fig. 8a and c. The same defective nanocomposites were exposed to a magnetic field to observe the surface melting and therefore healing effect. Typical results showing surface crack healing in samples containing iron oxide NPs coated with 22% and 55 wt.% OA loading are shown in Fig. 8b and d .
Both samples confirmed the melting response as reported earlier. 58 The cracks identified on the initial samples were observed to heal after the magnetic induction heating response. These are marked in Fig. 8b and d showing-the feasibility of material healing on damaged samples. The mean time periods for the melt response of-five sample surfaces were found to be similar in both cases. This is not surprising given the NP wt.% loading for both samples was the same at 1 wt.%. However, the variance in the time recorded was found to be higher in-samples with the 22 wt.% OA coating showing uncertainties. The considerable variation in the melt response time for the 22 wt.% OA sample can be attributed to the dispersion of the NPs. The agglomerates in the 55 wt.% OA sample created localized heating effects. Hence, some samples melted quickly in certain regions. 
CONCLUSION
An iron oxide nanocomposite in a PA6 polymer matrix was successfully synthesized using an in situ polymerization approach. Increases in the OA concentration of the NP coating, up to 22 wt.%, showed improvement in the dispersion combined with increased T g , reduced T m and decreased crystallinity, compared with a commercial PA6 polymer. The results confirmed changes in the properties of the polymer due to variation in OA loading in the coating of iron oxide NPs. In general, increases in OA concentration improved the dispersion of the iron oxide NPs and their chemical interaction with the host polymer chain. At 55 wt.%, OA loading led to the formation of some agglomerates, and, although the mean diameter was indicating improved dispersion, the standard deviation was large. Furthermore, the overall result showed that the 22 wt.% loading was optimum for improved dispersion of NPs. The magnetic response suggests that a higher weight percentage of NPs would improve the melting response time. Such nanocomposites can find use in biomedical applications. The effect of particle concentration and other polymerization catalysts will be researched in future work.
